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Abstract 
 
We present a comprehensive study performed with high-resolution angle-resolved photoemission 
spectroscopy on triple-layered Bi2Sr2Ca2Cu3O10+δ  single crystals. By measurements above TC the 
Fermi surface topology defined by the Fermi level crossings of the CuO2-derived band was 
determined. A hole-like Fermi surface as for single and double-CuO2 layered Bi-based cuprates is 
found, giving new input to the current debate of the general Fermi surface topology of the high 
TC superconductors. Furthermore, we present measurements of the superconducting gap of Bi-
2223 and show that there are clear indications for a strong anisotropy of the superconducting gap. 
The universal properties of this phase in comparison to the other Bi-based cuprates will be 
discussed. 
 
PACS  numbers: 74.72.Hs, 74.25.Jb, 71.18.+y 
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The capability of angle-resolved photoemission spectroscopy (ARPES) to probe the energy and 
momentum relations directly makes it a powerful tool to study the electronic structure of high 
temperature superconductors (HTSC) and other strongly correlated systems. Impressive progress 
has been achieved over the last decade by ARPES in order to resolve the characteristics of high-
TC superconductors. Major discoveries have been made on both the normal and the 
superconducting state. As examples may be mentioned the hole-like Fermi surface due to the 
weakly dispersing CuO2 derived band, the anisotropy of the superconducting gap and 
observations of a pseudo gap [1]. Up to now, most of these studies were done on Bi-2212 single 
crystals with two CuO2-layers per unit cell and to a much smaller extent on Bi-2201 with one 
such layer [1]. 
  
A central issue in the physics of high-TC superconductors is the role of coupling between the two-
dimensional copper–oxygen planes in producing superconductivity. Since in the layered 
compounds of type A2B2Ca(n-1)CunO2n-4+δ, where A is either Bi, Hg or Tl and B is Sr for the Bi-
systems and Ba for the Hg- and Tl-compounds, the superconducting transition temperature Tc 
increases with increasing number n of square CuO2 layers per unit cell up to n=3. It is therefore 
of great interest whether the normal state properties and also the symmetry of the 
superconducting state order parameter will be the same in all systems where the coupling 
between the layers can be expected to vary considerably. This is due to a strong variation of the 
distance between  neighbouring CuO2 planes which is 11.6 Å for the one-layer compound and 
about 3.2 Å for higher stages. Recently for n=2 Bi-2212 a bi-layer splitting could be detected [2]. 
This could be taken as a strong indication for distinct coupling of the CuO2 planes along the c-
axis in Bi-based cuprates. Therefore, further studies of the effects on the electronic structure are 
necessary and are crucial for an understanding of high temperature superconductivity. 
Interestingly, TC decreases for n = 4 and higher stages. For n ≥ 3 the CuO2 planes are no longer 
equivalent and an inhomogeneous distribution of the charge carriers among the different types of 
layers is expected [3,4]. While sufficient data on the momentum, temperature and doping 
dependence of the  excitation gap of the bilayer compound Bi-2212 [1,5-7] exist, only few 
photoemission results are published on the n=3- phase in single crystalline form [8-10].  
 
In the present work new high-resolution photoemission results on the dispersion of the emission 
peak at EF in the normal state and the derived Fermi surface topology of Bi2Sr2Ca2Cu3O10+δ 
single crystals is presented. In addition, spectra below the critical temperature of different points 
of the Brillouinzone will be given for the first time. The results are discussed in connection to 
previous measurements of n = 1 and n = 2 Bi-cuprates. 
 
The crystal structure of Bi-2223 is almost identical to the well-known Bi-2212 and Bi-2201 
systems, except for three CuO2 planes per unit cell instead of two or one. The growth of Bi-2223 
single crystals has been investigated for the first time by Matsubara et al. [11], who proposed a 
high temperature annealing procedure in order to convert Bi-2212 single crystals or whiskers to 
Bi-2223 in a so-called lead bath. Although this procedure seem to work satisfactory for whiskers, 
for crystals the crystal quality as well as the single phase purity came out quite poor. This has 
been confirmed by our own investigations [12,13]. Instead of this, the Bi-2223 single crystals 
used in this investigation were obtained by crystal conversion of the not commonly used Bi-2112 
phase through high temperature annealing in a powder composition Bi2Sr2Ca4Cu6Pb0.5O14. By 
optimizing the annealing temperature and the initial Bi-2112 phase the crystal quality has been 
crucially improved. The details of the growth process will be described elsewhere [14]. The 
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samples were rectangular shaped with the long side along the crystallographic a-axis, as 
confirmed by Laue-diffraction and in situ low energy LEED, and have a typical size of (0.5×0.8) 
mm2. Characterization of the crystals was performed by energy dispersive EDX and AC-
susceptibility measurements. The composition of our samples is typically 
Bi2.23Pb0.02Sr1.73Ca2.12Cu2.92O10+δ. It is important to note that lead is not or at least to a very small 
amount incorporated in the crystals. The superconducting transition of the magnetic suszeptibility 
occurs in one step, indicating a full conversion of the Bi-2112 phase to the Bi-2223 phase. Tc is 
108 K at a ∆TC of 3-4 K, indicating probably a slight underdoping of the samples. 
The ARPES spectra taken with hν = 21 eV photon energy above TC were recorded with 
synchrotron radiation at BESSY, Berlin, at the U125-1 PGM beamline with the high-resolution 
photoemission station HIRE-PES [15]. The temperature of the sample was T=120 K, the overall 
energy resolution was 35 meV and the angle resolution 1°. The sample was mounted with the Cu-
O bonds in the horizontal plane (ΓM or (0,0) → (π,0)) and the emitted photoelectrons were 
collected in the respective high symmetry directions, i.e. in that plane and out of it. Accordingly 
for in plane emission the polarization was even and for out of plane emission the polarization was 
mixed. The ARPES-spectra shown for hν=22 eV and 20K were performed at the Synchrotron 
Radiation Center SRC, Madison, using a plane grating monochromator at an undulator beam line 
with a resolving power of 104 at 1012 photons/s combined with a SCIENTA-200 electron analyzer 
in an angle resolving mode. A typical measurement was performed with an angular resolution 
window of 0.2° and an energy resolution of 16 meV (FWHM). The samples were mounted with 
the Cu-O bonds in the horizontal plane and the emitted photoelectrons were collected within the 
polarization plane. This gave even polarization geometry for emission along ΓM. The Fermi level 
was determined by measuring the Fermi edge of a Au film in electrical contact with the sample. 
 
Several ARPES cuts along high symmetry lines of Bi2Sr2Ca2Cu3O10+δ, taken in the normal 
conducting state at T=120 K are shown in FIG. 1 (left panels). Information on the Fermi surface 
is obtained from the points at which the bands cross the Fermi energy. These spectra of k=kF are 
marked by a thick line in FIG. 1. These k-values were taken were the midpoint of the leading 
edge has the largest kinetic energy. In the right panel of FIG. 1 these crossing points (open 
circles) are depicted together with a Fermi surface as given for n=2 Bi-2212 by Ding et al. [16]. 
Additionally, the crossings points from our previous photoemission measurement along ΓY [8] 
were also incorporated (filled circles). The thick curves in the right panel stem from the Fermi 
surface of the main CuO2 derived band (main FS). The thin curves result from an umklapp of the 
main band by the reciprocal superlattice vector of q=(0.21π,0.21π) associated with the 
reconstruction of the BiO planes in ΓY direction. One observes clear Fermi surface crossings due 
to main CuO2 band along ΓX (and ΓY) and two additional along XMY. Besides the main Fermi 
surface, along the ΓY direction distinct crossings due to the diffraction replica have been found 
[8]. The  EDC series along ΓM reveals near M the dispersion of a flat band, also reported for n=1 
and n=2 material [17,18] leading to an extended saddle point located close to the Fermi level. A  
Fermi surface crossing is observable on this line only at low angles, attributed to the crossing of 
the diffraction replica band. All these observations are in striking correspondence with the 
photoemission results of n=1 and n=2 Bi- cuprates. In particular, the two crossing points due to 
the main band along XMY must be interpreted as strong hints for a hole-like topology of the 
Fermi surface also for n=3 Bi-2223. 
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Figure 1. Left panels: High-resolution ARPES series of Bi2Sr2Ca2Cu3O10+δ in the normal conducting state (T=120 K).
Shown are the dispersion directions ΓX, XMY and ΓM with 21 eV photon energy. Right panel: Comparison of the 
experimentally found crossing points through EF (open circles: hν=21eV) and the hole-like Fermi surface proposed 
for Bi-2212 by Ding et al. [16]. Supplemented are also results from our previous work [8] (filled circles: hν=18eV) 
With the knowledge of the shape of the Fermi surface we can focus now on the measurements 
below TC. For a comparison we have chosen the most interesting k-points, i.e. the M-point, a 
point on the main FS along ΓY, and one near M on the main FS. For n=2 Bi-2212 the Fermi 
surface remains unchanged below TC along the nodal direction of the superconducting gap, which 
is the ΓX(Y) direction. It is destroyed by the appearance of the gap with its maximal value near 
the M-point [5].  
 
As for the normal conducting state of Bi-2223, photoemission measurements below TC are also 
very rare. Gu et al. [19] have reported on measurements of highly textured 
Bi1.8Pb0.4Sr2Ca2Cu3O10+δ and determined a superconducting gap of ∆=29 meV. This is somewhat 
larger than for the n=2-phase (typically slightly above 20 meV). They found indications of an 
anisotropic gap. Ponomarev et al. [9] have compared the size of the superconducting gap as 
determined by tunnelling and by highly resolved photoemission on single crystals and found 
accordingly a somewhat larger value of 36 meV by both methods. These authors also compilated  
the gap values of different families of high temperature superconductors to determine general 
trends.  
 
Our measurements of single crystalline n=3-samples at hν=22eV below TC are shown in FIG. 2. 
Results of three points of the Brillouin zone are compared as indicated in the inset. Especially at 
the M(π,0)-point a very sharp peak with its maximum at 60 meV binding energy occurs followed 
by a broader and less intense structure at higher binding energy. The ratio of the intensity at the 
maximum of the peak to the intensity at 500 meV (background) is 3.9. The size of the gap is 
simply obtained as the energy position of the half height of the leading edge with respect to the 
Fermi level. Near the M-point a  leading edge shift of 37 meV related to the superconducting gap 
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size ∆ is observed, by far larger than commonly observed for n=2-material of approximately 
20…24 meV [4,5,20]. The gap closes for a k-vektor along the ΓY-line on the Fermi surface 
(point F1) and has a medium value between these two k-points (eg. point F2). Although these 
three data points do not permit to give a complete fit to a d-wave gap functional form (because 
the measured points are not dense enough), they show clearly a very strong anisotropy which 
could be described by a d-wave gap. Taking our maximal gap value of ∆ = 37 meV for n = 3 
together with the corresponding values for n = 1 and n = 2 of  10 meV [21] and 22 meV [4,5], 
respectively, we derive a linear dependence between ∆ and n. This agrees very well with our 
previous results and the comparison to tunnelling spectroscopy [9,22]. In contrast to this, TC does 
not scale linearly with n [3,4,23]. 
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Figure 2. Spectra of triple-layered Bi-2223 taken in the superconducting state at 20 K at different points of the 
Brillouin zone as indicated in the inset. The photon energy was 22eV. Also given are the experimentally derived 
values of the superconducting gap. 
 
 
Taking all measured Fermi level crossings and the flat band behavior along ΓM into account, a 
Fermi surface similar to that found for n=1 Bi-2201 and n=2 Bi-2212 is also valid for the n=3 Bi-
2223 samples. With respect to the current Fermi surface controversy, it can be argued that the 
hole-like Fermi surface centered around X(Y) for ARPES data taken with "low" photon energies 
(hν ≤ 22eV) is a universal characteristic of all Bi-cuprates. Furthermore, the Fermi surface for 
n=1-3 Bi-based cuprates encloses similar areas in k-space. 
  
To discuss the intensity of the emission maximum at EF (the occupied part of the Zhang-Rice 
(ZR) singlet band) is difficult because of the strong dependence of photoemission spectra from 
crystal quality, surface quality, doping and matrix element effects [24,25]. Due to these 
uncertainties it is not evident, whether the intensity of the peak in the superconducting phase can 
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be compared between the phases and also whether a scaling of the intensity versus number of 
CuO2 layers n or versus TC or any other parameter is possible. Instead the unoccupied part can be 
probed without great uncertainity: X-ray absorption spectroscopy (XAS) probes the bulk 
properties due to its sampling depth of about 100 nm, the polarization dependence can be 
explicitly studied and also the effects of self - absorption can be incorporated [26]. 
 
In a previous study on opimally doped single-crystalline single-, double-, and triple-layered Bi-
cuprates with x-ray absorption it was shown by Manzke et al. [23] that the O 1s pre-peak 
intensity, which is probably due to the density of the unfilled part of the Zhang-Rice singlet 
states, indeed scales linearly with the number of CuO2-planes per unit cell n. An interesting 
ansatz to describe the charge distribution in the layered cuprates was given by Di Stasio et al. [3]. 
They proposed that the doping in every stage n of the Bi cuprates is performed by an equal 
charge reservoir, the two Bi-O planes per unit cell with the extra charge density -δ. This induces a 
density of holes that must be shared by the Cu-O layers, which in principle is easy for  the stages 
n=1 and 2. For pure n=2 samples, the doping of the Cu-O planes is almost at its optimal value 
resulting in a TC of 90 K. Here the two Cu-O planes share a charge of +δ. If one assumes that the 
doping strength from the Bi-O reservoir may be about the same for all stages, then pure n=1 
material samples should be extremely overdoped. This is, in fact, observed. However, this is 
progressively more difficult in triple-layer stages in which the induced density now must be 
shared nonhomogeneously along the three Cu-O layers. Such a charge distribution can be 
described by the sheet-charge model proposed by Di Stasio et al. [3]. Now, if the intensity of the 
pre-peak is due to the number of holes in the Cu-O planes, this would imply for triple-layer 
material that the δ-value must have been increased by about 50% relative to double-layer 
material. However, as the superconducting gap value has the same linear dependence on n [9,23] 
like the pre-peak intensity, we would argue that instead of being due to the total hole density in 
the Cu-O planes, the intensity of the pre-peak in XAS represents only these holes that directly 
“serve” superconductivity. This is in line with the  linear scaling behavior of the gap size versus 
the number n of  CuO2-planes per unit cell. The linear ∆(n) behavior is not only confirmed for 
BSCCO by tunneling spectroscopy and ARPES [4,9,22], but also for HBCCO and TBCCO by 
tunneling spectroscopy [9] and seems to be a universal scaling behavior in the cuprates.  
 
Another important aspect of  our n=3 data is the observed anisotropy of the superconducting gap. 
For n=2 Bi-2212 the d-wave order parameter in the high TC superconductors is established [18]. 
Our measurements verify these findings for the triple layer Bi-2223. It is interesting to note that 
at the M-point, which is clearly away from the Fermi surface, the superconducting gap is higher 
than near the Fermi surfac crossing along MY. This is in good agreement with recent 
measurements on Bi-2212 [27]. 
 
In summary, we presented an investigation of the Fermi surface and superconducting gap 
performed with temperature dependent high-resolution photoemission spectroscopy on triple-
layered Bi2Sr2Ca2Cu3O10+δ single crystals. Our detailed study reveals strong experimental 
evidence for a hole-like Fermi surface and an anisotropic superconducting gap, which has its 
maximal value of ∆ = 37 meV at M and vanishes along the nodal direction ΓY. These 
observations are in close correspondence to n = 1 and n = 2 Bi-cuprates near optimal doping and 
point to an important universal property of this superconductor family. Beyond this, the amount 
of the superconducting gap of n=3 together with that of n=1 and n=2 scales linearly with the 
number of CuO2 – planes per unit cell. 
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During the preparation of this manuscript two new preprints on n=3 Bi-2223 single crystals came 
to our attention [28,29] which are currently in the referee process. While the former confirms our 
view of the shape of the Fermi surface [8,10] and of the gap anisotropy, both publications report 
on a linear scaling of the superconducting gap with TC, but not with n, an issue which may need 
further studies.  
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